INTRODUCTION
============

Multicellular organisms, such as animals and plants, possess diverse cell/tissue types. How different cells and tissues are generated is one of the fundamental questions in developmental biology. In particular, asymmetric cell divisions (ACDs) play an important role in the development of distinct cell and tissue types in the individual organism ([@b1-molce-39-7-524]; [@b14-molce-39-7-524]; [@b35-molce-39-7-524]; [@b37-molce-39-7-524]; [@b55-molce-39-7-524]; [@b58-molce-39-7-524]). Therefore, the timing and extent of ACDs should be controlled to ensure correct patterning. In plants, the Arabidopsis (*Arabidopsis thaliana*) root has been used as a model to investigate the molecular mechanisms underlying the control of ACDs in cell/tissue patterning ([@b5-molce-39-7-524]; [@b8-molce-39-7-524]; [@b12-molce-39-7-524]; [@b15-molce-39-7-524]; [@b17-molce-39-7-524]; [@b30-molce-39-7-524]; [@b51-molce-39-7-524]; [@b52-molce-39-7-524]). From embryogenesis onwards, stem cells for the ground tissue (GT), namely the cortex/endodermis initial (CEI), undergo a series of ACDs. The divides in the anticlinal direction (perpendicular to the axis), resulting in self-renewal of the CEI and a daughter cell, i.e., the cortex/endodermis initial daughter (CEID). Next, the CEID divides in the periclinal orientation (parallel to the axis). Thus, the Arabidopsis root has two GT layers at the early stages of development: the endodermis (inside) and the cortex (outside) ([@b5-molce-39-7-524]; [@b8-molce-39-7-524]; [@b12-molce-39-7-524]; [@b15-molce-39-7-524]; [@b17-molce-39-7-524]; [@b30-molce-39-7-524]; [@b51-molce-39-7-524]; [@b52-molce-39-7-524]) ([Fig. 1](#f1-molce-39-7-524){ref-type="fig"}). As the root ages, the endodermis divides again in the periclinal direction around 7 to 14 days post-germination (dpg), which results in the regeneration of the endodermis and an additional cortex. Usually, the endodermis cells adjacent to the xylem poles preferentially tend to undergo periclinal division prior to other cells in the endodermis ([@b4-molce-39-7-524]; [@b45-molce-39-7-524]). Due to its location between the endodermis and the pre-existing cortex in the GT layers, the new cortex layer is designated as the middle cortex (MC). Thus, the Arabidopsis root can possess three GT layers at maturity (endodermis, MC, and cortex; [Fig.1B](#f1-molce-39-7-524){ref-type="fig"}). Therefore, production of the MC layer by periclinal ACDs in the endodermis is considered to be an indication that post-embryonic root development has entered a more mature phase ([@b4-molce-39-7-524]; [@b45-molce-39-7-524]; [@b46-molce-39-7-524]). To assess maturation of the Arabidopsis root GT, the formation of the MC layer, as measured by the proportion of plants with MC either at a specific time point or in time courses, has been used ([@b4-molce-39-7-524]; [@b10-molce-39-7-524]; [@b11-molce-39-7-524]; [@b25-molce-39-7-524]; [@b31-molce-39-7-524]; [@b39-molce-39-7-524]; [@b40-molce-39-7-524]; [@b42-molce-39-7-524]; [@b45-molce-39-7-524]; [@b46-molce-39-7-524]).

Since the production of the MC layer during root GT maturation was first reported ([@b4-molce-39-7-524]), accumulating evidence has revealed complex regulatory networks involving the interplay of plant hormones and transcription factors, which modulate the timing and extent of ACDs for MC formation. In this review, we focus on the crucial roles of plant hormones as well as transcription factors in the control of MC formation. We also describe the regulatory interactions between plant hormones and transcription factors during GT maturation. In addition, we provide perspective on other factors that potentially control the timing and extent of MC formation, and why roots develop with extra cortex layers during root GT maturation.

PLANT HORMONES IN THE CONTROL OF MC FORMATION
=============================================

Under normal growth conditions, Columbia wild-type (Col WT) roots undergo periclinal ACDs in the endodermis around 7 to 14 dpg, resulting in an average of 20 to 35% of plants with the MC layer, depending on experimental conditions ([@b10-molce-39-7-524]; [@b25-molce-39-7-524]; [@b31-molce-39-7-524]; [@b39-molce-39-7-524]; [@b40-molce-39-7-524]; [@b42-molce-39-7-524]; [@b45-molce-39-7-524]). Under gibberellin (GA)-deficient conditions, induced by treatment with a GA biosynthesis inhibitor (e.g., paclobutrazol; PAC) or by loss-of-function mutations in a key GA biosynthesis enzyme (e.g., *ga1-3*), seedling roots exhibit a 2- to 3-fold increase in MC formation ([@b10-molce-39-7-524]; [@b25-molce-39-7-524]; [@b31-molce-39-7-524]; [@b39-molce-39-7-524]; [@b40-molce-39-7-524]; [@b42-molce-39-7-524]; [@b45-molce-39-7-524]). In contrast, exogenous GA application substantially suppresses periclinal ACDs in the endodermis, thus resulting in delayed MC formation ([@b10-molce-39-7-524]; [@b25-molce-39-7-524]; [@b31-molce-39-7-524]; [@b39-molce-39-7-524]; [@b40-molce-39-7-524]; [@b42-molce-39-7-524]; [@b45-molce-39-7-524]). These findings indicate that modulation of bioactive GA levels is critical for the regulation of MC formation in the Arabidopsis root GT.

The plant hormone abscisic acid (ABA) antagonizes the effects of GA in numerous processes during plant growth and development ([@b21-molce-39-7-524]; [@b22-molce-39-7-524]; [@b23-molce-39-7-524]; [@b34-molce-39-7-524]; [@b50-molce-39-7-524]; [@b57-molce-39-7-524]; [@b62-molce-39-7-524]). However, similar to seedlings treated with GA, WT roots treated with exogenous ABA exhibit a suppression of MC formation. In addition, transgenic Arabidopsis plants with *XERICO* fused to the 35S promoter (*XER* overexpressor; *XER-OX*), which substantially increases cellular ABA levels, probably through the ubiquitin/proteasome-dependent degradation pathway ([@b38-molce-39-7-524]), have almost no MC layer at 7 dpg ([@b10-molce-39-7-524]; [@b11-molce-39-7-524]; [@b42-molce-39-7-524]). In contrast, under ABA-deficient conditions caused by loss-of-function mutations in a key ABA biosynthesis enzyme (*aba2-2*) or in the *XER* gene (*xer*), seedlings display more frequent periclinal ACDs for MC formation ([@b42-molce-39-7-524]). Interestingly, the ABA-deficient *aba2-2* and *xer* mutants are sensitive to PAC, resulting in the precocious formation of the MC layer. Consistent with this finding, under ABA treatment, GA-deficient *ga1-3* roots show an elevated frequency of MC formation when compared with WT roots. Therefore, analogous to GA, modulation of ABA levels is also important for the control of root GT maturation. Taken together, these findings indicate that the bioactive levels of the two hormones play key roles in the maturation process of the root GT. However, little is known about the distribution of ABA and GA in post-embryonic root development, even though recent studies have shown that the root endodermis acts as a hub for ABA and GA responses ([@b16-molce-39-7-524]; [@b18-molce-39-7-524]; [@b31-molce-39-7-524]; [@b42-molce-39-7-524]; [@b44-molce-39-7-524]; [@b53-molce-39-7-524]; [@b60-molce-39-7-524]; [@b61-molce-39-7-524]).

In contrast to what has been known to date, these findings have revealed a unique interaction between ABA and GA, in which the two hormones act synergistically, not antagonistically, to modulate the timing and extent of MC formation ([@b10-molce-39-7-524]; [@b11-molce-39-7-524]; [@b42-molce-39-7-524]).

TRANSCRIPTION FACTORS IN THE CONTROL OF MC FORMATION
====================================================

Mutations in *SHORT-ROOT* (*SHR*) and *SCARECROW* (*SCR*) were first identified over two decades ago ([@b5-molce-39-7-524]; [@b52-molce-39-7-524]). Both *shr* and *scr* mutants have fewer GT layers in the root than do WT plants. At maturity, the WT root has three layers in the GT (endodermis, MC, and cortex; [Fig.1B](#f1-molce-39-7-524){ref-type="fig"}). In *shr* mutants, no endodermis is found in the GT from embryogenesis onward ([@b5-molce-39-7-524]; [@b30-molce-39-7-524]). Later in post-embryonic development, neither endodermis nor MC is formed in the *shr* root, which is similar to its embryos and young roots, suggesting that the endodermis layer is essential for MC formation ([@b10-molce-39-7-524]; [@b11-molce-39-7-524]; [@b25-molce-39-7-524]; [@b31-molce-39-7-524]; [@b39-molce-39-7-524]; [@b40-molce-39-7-524]; [@b45-molce-39-7-524]; [@b46-molce-39-7-524]). In contrast, from embryogenesis to the early stages of post-embryonic development, *scr* mutants possess a single GT layer with mixed traits of the endodermis and cortex ([@b5-molce-39-7-524]; [@b8-molce-39-7-524]; [@b15-molce-39-7-524]; [@b29-molce-39-7-524]; [@b51-molce-39-7-524]; [@b52-molce-39-7-524]). In later post-embryonic development, sporadic MC layers are precociously produced in the *scr* root ([@b10-molce-39-7-524]; [@b11-molce-39-7-524]; [@b31-molce-39-7-524]; [@b39-molce-39-7-524]; [@b40-molce-39-7-524]; [@b45-molce-39-7-524]). Taken together, these results show that the endodermis and cortex layers in the GT fail to separate in the *scr* root at the early stages, whereas the *scr* mutant frequently undergoes periclinal ACDs for MC formation in later stages. Therefore, as the root ages, SCR has a dual role in controlling periclinal ACDs: separation of the endodermis and cortex versus MC formation. Both SHR and SCR belong to the GRAS transcription factor family, named after its original three members: GA INSENSITIVE ([G]{.ul}AI), REPRESSOR OF GA1-3 ([R]{.ul}G[A]{.ul}), and [S]{.ul}CR ([@b6-molce-39-7-524]; [@b15-molce-39-7-524]; [@b41-molce-39-7-524]; [@b47-molce-39-7-524]; [@b48-molce-39-7-524]; [@b54-molce-39-7-524]; [@b59-molce-39-7-524]). Another GRAS transcription factor, SCARECROW-LIKE 3 (SCL3), is involved in MC formation during maturation of the root GT ([@b31-molce-39-7-524]; [@b42-molce-39-7-524]). For example, similar to the *scr* mutant, *scl3* shows premature MC formation, whereas overexpression of *SCL3* suppresses periclinal ACDs in the endodermis.

Recently, two additional transcription factors have been shown to play important roles during GT maturation ([@b25-molce-39-7-524]; [@b42-molce-39-7-524]). SEUSS (SEU), which is known to function in reproductive development ([@b2-molce-39-7-524]; [@b3-molce-39-7-524]; [@b24-molce-39-7-524]; [@b26-molce-39-7-524]; [@b56-molce-39-7-524]), is involved in the control of MC formation. In the Arabidopsis root, the *seu* mutant displays an increased frequency of MC formation, whereas overexpression of *SEU* results in reduced periclinal ACDs in the endodermis ([@b25-molce-39-7-524]). Through transcriptomic, genetic, molecular and physiological analyses, GAZ ([G]{.ul}A- AND [A]{.ul}BA-RESPONSIVE [Z]{.ul}INC FINGER), a previously uncharacterized C~2~H~2~-type zinc finger, has been shown to be involved in MC formation ([@b42-molce-39-7-524]). Unfortunately, loss-of-function *gaz* mutants display no visible phenotype. Thus, as an alternative, transgenic Arabidopsis plants with a fusion of GAZ to the SRDX domain (*GAZ-SRDX*), which renders strong repressive activity of GAZ ([@b32-molce-39-7-524]; [@b33-molce-39-7-524]), have been analyzed, together with RNAi lines (*GAZ-RNAi*) ([@b42-molce-39-7-524]). In comparison with *GAZ* overexpression (*GAZ-OX*) seedlings, both *GAZ-SRDX* and *GAZ-RNAi* plants exhibit the opposite MC formation phenotypes in the hormone-mediated control of root GT maturation (described in detail below).

With only a handful of transcription factors, we currently have a glimpse of the molecular events underlying the maturation process of the root GT.

REGULATORY NETWORKS INVOLVED IN THE CONTROL OF MC FORMATION
===========================================================

The processes involved in MC production during Arabidopsis root maturation were first described more than a decade ago ([@b4-molce-39-7-524]). Since then, the interconnected genetic and molecular mechanisms underlying the formation of the MC layer have been characterized ([@b10-molce-39-7-524]; [@b11-molce-39-7-524]; [@b13-molce-39-7-524]; [@b25-molce-39-7-524]; [@b31-molce-39-7-524]; [@b39-molce-39-7-524]; [@b40-molce-39-7-524]; [@b42-molce-39-7-524]; [@b45-molce-39-7-524]). Accumulating evidence has revealed unexpectedly complex networks of genes that play crucial roles in the regulation of MC formation.

In the root endodermis, SCL3 acts downstream of the SHR/SCR regulatory module during GT maturation. For example, in the *scl3 shr* double mutant, neither endodermis nor MC is formed, similar to the *shr* single mutant. In contrast, the *scl3 scr* double mutant exhibits more frequent periclinal ACDs for MC formation than either *scl3* or *scr* single mutants, whereas overexpression of *SCL3* is sufficient to suppress the precocious MC formation phenotype of the *scr* single mutant ([@b31-molce-39-7-524]). In addition to the SHR/SCR pathway, SCL3 is directly regulated by DELLA transcription factors ([@b31-molce-39-7-524]; [@b64-molce-39-7-524]; [@b65-molce-39-7-524]), which are the major negative regulators of GA signaling and belong to the GRAS family ([@b6-molce-39-7-524]; [@b41-molce-39-7-524]; [@b47-molce-39-7-524]; [@b48-molce-39-7-524]; [@b54-molce-39-7-524]; [@b59-molce-39-7-524]). The *gai rga* double mutant shows almost no MC formation at 7 dpg, whereas the *scl3 gai rga* triple mutant displays an approximately 3-fold increase in the frequency of periclinal ACDs for MC formation ([@b31-molce-39-7-524]). Under GA-deficient conditions, the phenotype of *scl3* is exacerbated, thus resulting in precocious MC formation. Taken together, SCL3 serves as a molecular link between hormonal (GA) and developmental (SHR/SCR) pathways that regulate the maturation process in post-embryonic root development ([@b31-molce-39-7-524]).

Until recently, no molecular component acting upstream of SHR and SCR has been characterized in the regulation of MC formation. In *seu* mutants, the abundance of *SHR* and *SCR* transcripts is substantially reduced, and SEU associates with their promoter regions ([@b25-molce-39-7-524]). As seen in the *shr* single mutant, only a single cortex is found in the *seu shr* double mutant. A higher frequency of MC formation is observed in the *seu scr* double mutant than in either of the single mutants. In addition to the SHR/SCR module, SEU also directly regulates transcription of *SCL3* by binding to its promoter regions ([@b25-molce-39-7-524]). Genetic analysis of the *seu scl3* double mutant has revealed that *seu* is epistatic to *scl3*. Therefore, these findings indicate that SEU is involved in the formation of the MC layer by activating expression of *SHR*, *SCR*, and *SCL3* during GT maturation ([@b25-molce-39-7-524]).

A recent study also has demonstrated that the GAZ transcription factor, which acts downstream of both the GA and ABA pathways, plays a role in the control of MC formation ([@b42-molce-39-7-524]). Under PAC treatment, *GAZ-OX* seedlings show a PAC-resistant phenotype, with reduced MC formation. Under the same condition, *GAZ-OX* in the *scl3* background (*scl3 GAZOX*) has an opposite phenotype, with an increased frequency of MC formation, similar to the *scl3* single mutant. Thus, the PAC-sensitive phenotype of *scl3 GAZ-OX* is likely due to the loss of SCL3 function, placing GAZ downstream of SCL3 in the GA-mediated regulation of GT maturation ([@b42-molce-39-7-524]). Under ABA treatment, *GAZ-OX* seedlings are more sensitive to ABA than are the WT seedlings, displaying almost no MC layer. Furthermore, expression of *GAZ* is regulated by bioactive GA and ABA levels. For instance, the *GAZ* transcript levels are elevated under GA deficiency induced by PAC treatment or *ga1-3* mutation. In contrast, the levels of *GAZ* expression are reduced in response to ABA treatment or by *XER-OX* (ABA overproducer). In addition, GAZ plays a role in the transcriptional regulation of ABA and GA homeostasis. Taken together, these results suggest that GAZ serves as a convergent point of the ABA and GA pathways during root GT maturation ([@b42-molce-39-7-524]).

In summary ([Fig. 2](#f2-molce-39-7-524){ref-type="fig"}), the bioactive levels of ABA and GA play key roles in modulating the timing and extent of MC formation during GT maturation. For example, high levels of ABA and GA suppress the occurrence of periclinal ACDs in the endodermis, whereas mutants with ABA (*aba2-2* and *xer*) or GA (*ga1-3*) deficiency have substantially increased production of the MC layer ([@b10-molce-39-7-524]; [@b11-molce-39-7-524]; [@b25-molce-39-7-524]; [@b31-molce-39-7-524]; [@b39-molce-39-7-524]; [@b40-molce-39-7-524]; [@b42-molce-39-7-524]; [@b45-molce-39-7-524]). In the GA pathway, bioactive GAs negatively regulate DELLA proteins by promoting their degradation ([@b27-molce-39-7-524]; [@b36-molce-39-7-524]; [@b47-molce-39-7-524]; [@b54-molce-39-7-524]; [@b57-molce-39-7-524]). Downstream of DELLAs, SCL3 attenuates the activity of DELLAs by protein-protein interaction and auto-regulates its own expression ([@b31-molce-39-7-524]; [@b64-molce-39-7-524]; [@b65-molce-39-7-524]). Both DELLA and SCL3 transcription factors are involved in the feedback regulation of GA biosynthesis ([@b31-molce-39-7-524]; [@b64-molce-39-7-524]; [@b65-molce-39-7-524]). The DELLA proteins also promote expression of *XER*, which is involved in the regulation of bioactive ABA levels ([@b38-molce-39-7-524]; [@b64-molce-39-7-524]). Moreover, transcription of *SCL3* is under the direct regulation of SHR and SCR in the endodermis ([@b31-molce-39-7-524]; [@b43-molce-39-7-524]). Recently, SEU has been shown to positively regulate the expression of *SHR* and *SCR*, and is also involved in the GA-mediated regulation of *SCL3* expression ([@b25-molce-39-7-524]). In addition, GAZ, through maintenance of a constant flux of ABA and GA, plays a role in the control of root GT maturation. Taken together, multiple inputs from both plant hormonal (ABA and GA) and developmental (SHR, SCR, SCL3, SEU, and GAZ transcription factors) pathways should be coordinately integrated to generate the two different cell types (endodermis and MC) during GT maturation ([Fig. 2](#f2-molce-39-7-524){ref-type="fig"}).

CONCLUSION
==========

While only a single layer of endodermis exists in the GT, most plants have multiple layers of cortex in the root, with the exception of Arabidopsis ([@b5-molce-39-7-524]; [@b8-molce-39-7-524]; [@b12-molce-39-7-524]; [@b15-molce-39-7-524]; [@b17-molce-39-7-524]; [@b19-molce-39-7-524]; [@b20-molce-39-7-524]; [@b30-molce-39-7-524]; [@b51-molce-39-7-524]; [@b52-molce-39-7-524]; [@b63-molce-39-7-524]). In the plant root, the cortex layers store carbohydrates and other secondary metabolites. In addition, the root cortex is used to transport materials from the root hair into the central cylinder ([@b19-molce-39-7-524]; [@b20-molce-39-7-524]). Although the physiological function of MC formation is currently unclear, the presence of the multiple cortex layers generated by cell division and differentiation is thought to be a consequence of plant adaptation ([@b13-molce-39-7-524]; [@b19-molce-39-7-524]; [@b20-molce-39-7-524]; [@b46-molce-39-7-524]). For instance, rice is subject to water submergence; therefore, as an anatomical adaptation, the rice root possesses the multiple cortex layers that differentiate into gas-containing aerenchyma cells ([@b7-molce-39-7-524]; [@b13-molce-39-7-524]; [@b28-molce-39-7-524]; [@b49-molce-39-7-524]). In Brachypodium (*Brachypodium distachyon*) and rice (*Oryza sativa*), which contain multiple cortex layers, a plausible mechanism through which the controlled movement of the SHR transcription factor determines the number of cortex cell layers has been proposed ([@b63-molce-39-7-524]). Moreover, recent work has revealed that MC formation is promoted by reactive oxygen species, suggesting that multiple cortex layers may protect against stresses ([@b9-molce-39-7-524]; [@b13-molce-39-7-524]). Although the number of studies investigating the regulatory networks of MC formation during plant root maturation has increased rapidly in recent years, our understanding of the physiological role of MC formation remains elusive. Future studies should aim to identify additional tissue-specific determinants and to understand how these determinants interact with known players to control MC formation. In addition, it would be of interest to investigate whether other plant hormones are involved in controlling the timing and extent of MC formation.
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![Arabidopsis root development. (A) Arabidopsis root development under standard conditions. As the root ages, length of the primary root increases and lateral roots emerge in the later stages. Scale bar, 1 cm. (B) Schematic presentation of the Arabidopsis root during GT maturation. The left panel illustrates a longitudinal axis of the root at an early stage in post-embryonic root development. The quiescent center (QC) and adjacent stem cells form the stem cell niche, which gives rise to cells in diverse lineages. As the root ages, the endodermis undergoes additional periclinal ACDs to generate the endodermis (EN; blue) and the middle cortex (MC; red), which is located between the endodermis and the cortex (CO; green). The right panel shows that the root has three layers in the GT: endodermis (EN), middle cortex (MC), and cortex (CO) at maturity.](molce-39-7-524f1){#f1-molce-39-7-524}

![Schematic model of the regulatory networks involved in MC formation. In the GA signaling pathway, bioactive GAs negatively regulate DELLA transcription factors by facilitating proteolytic degradation of DELLAs. SCL3, acting downstream of both DELLA and SHR/SCR transcription factors, serves as an endodermis-specific integrator. In addition, SEU is involved in the control of MC formation, by positively regulating the expression of *SHR*, *SCR*, and *SCL3*. In parallel, the ABA pathway also controls the abundance of *GAZ* mRNA, which plays a role in the transcriptional control of GA and ABA metabolism. GAZ is positioned downstream of SCL3, which regulates the level of *GAZ* expression via an unknown transcription factor (TF X). Thus, GAZ acts as a point of convergence for the ABA and GA pathways. Together, multiple inputs from plant hormone pathways (ABA and GA) and developmental pathways (SHR/SCR and SEU) should be coordinately integrated to control maturation of the Arabidopsis root GT. Arrows represent positive regulation, and bars denote negative regulation.](molce-39-7-524f2){#f2-molce-39-7-524}
